We report a two-phase chemical synthesis of various copper (Cu) nanostructures throughout complex 3-dimensional (3-D) printed substrates. We present dandelion-like CuO nano-rods grown on a 3-D model. 1 mm x 1 mm x 10 mm bars are cross-stacked to form a cubic log-pile structure. Ni thin-film was electrolessly deposited, and subsequently Cu layer was electroplated on the 3-D log-pile structure. In order to grow nanostructures, the Cu layer was reacted with an alkali solution (NH OH). The surface morphology and chemistry were characterized by field 4 emission scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX).
Introduction
Additive manufacturing, popularly known as 3-dimensional (3-D) printing, is a process that creates parts by continuously adding material layer by layer. This technique has been utilized to create complex structures, such as internal hierarchal patterns, which are impossible to 1 create with other conventional manufacturing methods. Since inception, 3-D printing technology has found wide application areas, 2 3-5 including rapid prototyping in manufacturing , tissue engineering, and 6 prosthetics. The 3-D models are fabricated by various methods, for 7 8,9 10 example, fused deposition , binder jet, laser sintering, and 11 stereolithography. However, fundamental roles of those 3-D printed models are commonly limited to mechanical load bearing structures or supporting matrices. As the technology has matured in terms of printing quality and printable materials, the 3-D printing technology has led a shift in future manufacturing paradigm from centralized massproduction to customized local low-volume manufacturing, which is [12] [13] suitable for the customized end-use products. The next evolution of 3-D printing will be to integrate complex electronics functionality into the 3-D manufacturing process, which can create novel end-use products in various areas, such as the wearable electronics (e.g.
computers and cell-phones) and the augmented prosthesis shaped to fit a specific users' anatomy. Therefore, there is an urgent need to develop printable functional materials and functionalized printed materials. Nanomaterials, such as nanoparticles and nanowires, have been utilized for functionalization of substrates through various methods 14, 15 16, 17 18 including chemical growth, physical deposition, and adsorption. For example, noble metal nanoparticles (e.g. Au, Pt, Pd, Ru) immobilized on conductive substrates were used as electrochemical 14,15,19 20 glucose monitors and gas sensors. Furthermore, energy storage 21-28 29-35 devices, such as Li-ion batteries and capacitors, showed high energy and power density due to the large specific area of nanomaterials. Recently, nanoparticles of Li Ti O and LiFePO were 4 5 12 4 mixed with polymer resins, and a micro Li-ion battery was fabricated by a 3-D printer, which overlays thin layers of the resins for anode and 36 cathode of the battery, respectively. However, until today, functional materials in different material classes, such as polymers and metals, have been printed through an additional secondary printer, which is [37] [38] [39] known as the multiprocess approach. In our study, instead of challenging the disadvantages in combining multiple 3-D printers that are manufactured and operated differently, we propose an alternative method to create metallic nanostructures on 3-D printed objects.
We envisioned that the multifunctional 3-D structures functionalized by nanomaterials will further enable us to design new devices, which could not be attained through the conventional microfabrication processes or the multiprocess 3-D printing. Our goal of this study is to establish a fabrication method for integration of nanomaterials on 3-D printed structures through a scalable and economic self-assembly.
In this research, 3-D log-pile blocks were fabricated by a UV curable polyjet printer and copper (Cu) was electrodeposited on a thin nickel (Ni) interfacial layer, which was coated through electroless deposition for conformal metallization of the 3-D models. Subsequently, the Cu deposited 3-D log-pile blocks were immersed in alkali solutions to obtain hierarchical nanostructures of Cu oxide. Successful proof-ofconcept in this paper will provide a new pathway to fabricate complex 3-D structures functionalized by nanomaterials.
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Experimental section
With a 3-D polyjet printer (Stratasys, Objet500Connex), we printed rigid UV curable polymer (VeroWhite®) into a 3-D log-pile structure. 1 mm x 1 mm x 10 mm bars are cross-stacked to form a 1 cm x 1 cm x 1 cm cubic structure (Fig. 1) . Electroless Ni plating was performed as 40, 41 described in the literature using plating solutions manufactured by MacDermid Industrial, USA. The 3-D log-pile block was immersed in an acidic etchant at 80 °C for 10 min. Pd metal salt was adsorbed by 42 chemisorption mechanism on the surface by dipping the block into a catalyst solution bath, which is composed of 0.5 g/L palladium chloride (PdCl) and 3 mL/L hydrochloric acid (HCl), for 3 min at the room temperature. Subsequently, the 3-D substrate surface was activated by Pd catalytic nuclei, which was formed in an activator solution bath at 50°C for 1 min. Finally, electroless Ni plating was performed in a plating solution containing nickel chloride (NiCl ·6H O, pH=9) at 27 °C 2 2 for 5 min. The 3-D printed block was rinsed with DI water after each solution treatment. Cu electroplating was performed on the Ni-plated 3-D log-pile block using a commercially available copper electroplating bath (Caswell Inc., USA). Two copper plates and 3-D printed block were connected to anode and cathode, respectively, and constant current (0.07 A) was applied for 30 min using Keithley 2400 Sourcemeter (USA). The copper plates were linearly aligned with the 3-D printed block with the same distance, and the plating solution was mildly stirred by magnetic stirrer at 30 °C. The Cu plated samples were thoroughly rinsed with DI water. Afterward, Cu plated substrates were immersed in 1M NH OH at 60 °C for nanostructure growth as described in the 4 43-45 literatures and allowed to react for 4 -10 hours. Samples were then rinsed with DI water and left to air dry. Surface characterization was performed with field emission scanning electron microscopy (JEOL7800F, Japan) and energy-dispersive X-ray spectroscopy (EDAX, Japan). Fig. 2 shows macroscopic images of log-pile blocks after 3-D print, Ni electroless deposition, Cu electrodeposition, and surface oxidation with NH4OH for 10 hours. The samples are darkened after removal from the etchant solution and turned to complete black after Ni deposition. The samples appear orange color of pristine Cu after the electroplating. Color change due to the reaction with NH4OH occurred slowly. Noticeable change to brownish color started after 8 hours of reaction and the whole sample surface turned to brown color after 10 hours. SEM micrographs of Cu plated 3-D block after etching up to 10 hours are shown in Fig. 3 . Electroplated Cu surface shows cracks and voids as shown in Fig.  3a . The voids and cracks grow as the reaction time increased for 4 and 6 hours of etching, respectively (Figs. 3b&3c) . As the reaction time increased, the mounds become easily visible and dense as shown in 10 hours etched sample in Fig. 3d . The diameters of the round mounds are distributed within 1 -2 μm range. High magnification micrographs for the 10 hours etched sample showed sharp spikes, whose height was 50 -100 nm, on the round mounds, and the overall shapes exhibit a dandelion-like configuration (Figs. 3e&3f) . Of note, the visual appearance as well as the SEM micrographs showed the same signatures of surface morphology.
Results and discussion
Chemical composition of each sample was confirmed by EDX (Fig. 4) . Weight % of oxygen (O) increased from 8.01 % to 16.38 %, 18.30 %, and 32.98 % for as deposited Cu surface, 4 hours, 6 hours, and 10 hours etched surfaces, respectively. Nam et al. confirmed with X-ray diffraction that the surface transforms to CuO as reaction time 43 with NH OH was increased at the same temperature (60 °C). In 4 addition, more Ni was detected than Cu in 10 hours etched sample (15.39 % of Ni and 7.22 % of Cu). This observation implies that more Ni layer was exposed as Cu etched away and formed dandelion-like structures. However, further experimental evidence will be gathered to confirm whether the nano-dandelions are copper or nickel oxide. 
Conclusions
This study presents a working method of forming conformal Ni and subsequent Cu metallization on 3-D printed polymer models. Further, it demonstrates hierarchical dandelion-like CuO nanostructure formation on those surfaces. It is promising that this approach allows the immense amount of research done in Cu nanostructure applications to be utilized in any printable 3-D macrostructure. Unique nano-dandelion structure is expected to increase the surface area to volume ratio, which improves the rate of reactions on surface. As one of the results, the nanodandelion structured electrode will enhance the sensitivity and dynamic range of bio-/chemical sensors, and the power of energy conversion devices.
For our continued research, we are developing energy storage and biosensor devices based on 3-D print technology and nanostructure modification presented in this paper.
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